Abstract Cross-sectional geometry of ancient Jomon femora were analyzed along the whole shaft by means of computed tomography. Comparisons were made with modern Japanese (from the same geographical area as the Jomon people) and recent Germans (of larger body size and from a geographical area distant from Japan). Jomon male femora were significantly larger than those of modern Japanese males along the whole shaft length in cross-sectional area (A), polar second moment of area (Ip), second moment of area around the mediolateral direction (Ix), maximum second moment of area (Imax), and cross-sectional index of radii of gyration (kx/ky). These parameters were about the same magnitude in the Jomon males, as in the German males whose size was large, except for the second moment of area around the anteroposterior direction (Iy), which was smaller in the Jomon bones. Female Jomon femora showed the same tendency but only at the middle part of the shaft. There were allometric correlations between bone length and the geometrical properties. In order to eliminate the influence of size, relative dimensionless properties were calculated by dividing each parameter by an analogue of length, namely A was divided by maximum length squared, and Ip, Ix, Iy, Imax, and Imin were divided by the fourth power of the maximum length. The German femora of both sexes were smaller than those of the Jomon in relative area, relative Ix, and relative Ip. Male Jomon femora contained a large volume of bone substance and were robust against bending moments especially in the anteroposterior direction along the whole shaft when comparison was made with other modern or recent groups. These characteristics are less definitive with female bones. They were caused as a functional adaptation for sedentary gatherer-hunters.
Introduction
Jomon people were gatherer-hunters, including fishery, in the ancient Japanese archipelago from about 13000 to 2400 years before the present. They made Jomon pottery and stone tools and dwelled in permanent or seasonal settlements. The cross-sectional geometry of their appendicular lower limb bones, namely the femur, tibia, and fibula, at mid-length was reported by the present author (Kimura and Takahashi, 1982) . The index of the cross section was calculated as the ratio of the radii of gyration to the mediolateral and anteroposterior directions, or that of the square root of the second moments of area around the two directions. The ratios in all bones were significantly larger in the anteroposterior direction in the Jomon group than in the recent Japanese specimens studied for comparison. The Jomon midshaft was developed so as to be robust against bending moments in the anteroposterior direction, probably moments caused by active movement of the lower limb in that direction, mainly due to running and walking. Most male Jomon femora are pilastered. Femora of females are not always pilastered viewed from the outside, but their principal axis of the mid-length cross section is concentrated in the anteroposterior direction, indicating a dense distribution of bone material in this direction (Kimura and Takahashi, 1984) . By analyzing cross-sectional geometry, the same direction of robustness was seen in both sexes at mid-length of the femur, which was not always detectable from external bone countours. From these results, we can estimate aspects of the activity pattern in the daily life of the Jomon people.
Cross-sectional geometry indicates robustness of the long bone (Kimura, 1974; Bass et al., 2002) . The analysis was conducted on ancient bone to which mechanical experiments were difficult to apply (Endo and Kimura, 1970) . Previous reports were concerned mainly with one or two sections of the ancient long bones (Lovejoy and Trinkaus, 1980; Kimura and Takahashi, 1982 , 1984 , 1992 Ruff et al., 1984 Ruff et al., , 1993 Brock and Ruff, 1988; Trinkaus et al., 1994 Trinkaus et al., , 1998 Trinkaus et al., , 1999a Ruff, 1995 Ruff, , 1999 Trinkaus and Ruff, 1996; Trinkaus, 1997 Trinkaus, , 1999a Stock and Pfeiffer, 2001; Holt, 2003) . The robustness of the ancient femur along the whole shaft has been reported in only a few papers, such as on the Pecos (Ruff and Hayes, 1983a, b) , Neanderthal (Trinkaus and Ruff, 1989) , and Minatogawa fossils (Kimura and Takahashi, 1992) . The mechanical characteristics of the pilastered ancient femur have not been fully discussed along the whole shaft.
The present paper is concerned with the cross-sectional geometry of Jomon femora along the whole length of the shaft in comparison with modern or recent bones, with emphasis on the mechanical significance of bones.
Materials and Methods
The Jomon femora that were used in the present study were stored in the Department of Anthropology and Prehistory, The University Museum, The University of Tokyo. Because regional differences in Jomon skeleton have been reported (Kondo, 1994) , samples excavated only from the Kanto district, southeast Japan near Tokyo, were used. All bones, at least according to the records, belong to the Middle to Latest Jomon period. Bones with nearly the complete head, the lesser trochanter, and condyles were selected in order to measure the maximum length and to situate them in the standard coordinates, which will be explained later. The right side was selected first. If the right side was broken or missing, then the left side was used. Eighteen males and fifteen females, consisting of sixteen right and seventeen left bones, were studied. Most of the bones were the same ones whose mid-length cross section was reported previously (Kimura and Takahashi, 1982) .
Comparative specimens were femora of modern Japanese and recent Germans. The modern Japanese skeletons were stored in the University Museum, the University of Tokyo. They derive from around the end of the nineteenth century and the beginning of the twentieth century in Tokyo, the same geographical area as the Jomon sample, though there is a difference of several thousand years in time. Bones with age records were used. Individuals older than 60 years were excluded, the reason for which will be discussed later in detail. The right bones of ten males and ten females were used. As a comparative sample of a different geographical area and body size from the Jomon people, German samples were collected from the dissection room of the Anatomical Department, Medical College of Hannover (Kimura and Amtmann, 1984) . The individuals died near Hannover in 1976 or 1977. The temporal and geographical separation of the German and Jomon people is very large. The birth dates of all German individuals were known. Eight males and seven females were measured along the femoral shaft. In addition, eleven males and six females were studied only at the mid-length of the bone. In total, 19 male and 13 female Germans were used, of whom more than 80% were over 60 years of age. The right side was selected.
The samples are listed in Table 1 . Bones without apparent deformation or pathological traits were selected. All bones were from adult individuals with closed epiphyseal lines.
Cross-sectional geometry of the Jomon and modern Japanese bones was figured by means of a CT-apparatus (TXS225-ACTIS, TESCO) and measured by means of a computer program (CT-Rugle). Pixel size was 0.1 mm. Contours of the CT-figure were determined at the 50% of density between air and compact bone, the measured part of which was arbitrarily chosen as the center of bone material. Small cracks in the Jomon bones were manually filled on the CTfigures. German bones were directly cut and measured by means of a digitizer and a personal computer (Kimura and Amtmann, 1984) . With the German bones, trabecular bone not connected with the compact bone at the outer margin was not included in the bone area.
The frontal plane of the femur was determined to be the plane passing through the posterior ends of the lesser trochanter and the medial and lateral condyles according to the standard of Martin (1928) (Figure 1 ). The present frontal plane inclined slightly further forwards than that of Ruff (Ruff and Hayes, 1982) ; the proximal femur was raised forward a little more than standard. A vertical line was drawn between the mid-points of the width at the upper and lower ends of the shaft. The direction of the maximum length (Martin, 1928) was approximately parallel to the vertical line in most bones. The anteroposterior plane was set as the plane parallel to the vertical line and perpendicular to the frontal plane. The horizontal plane was perpendicular to the frontal and anteroposterior planes. Cross sections were obtained parallel to the horizontal plane. The x-axis of the cross section was parallel to the frontal plane and the y-axis was parallel to the anteroposterior plane. Both axes passed through the centroid of the cross section. The cross-sectional area (A), the polar second moment of area (Ip), and the second moments of area around the x-and y-axes (Ix and Iy) were measured on each cross section. The maximum and minimum second moments of area (Imax and Imin) and cross-sectional indices were calculated. The cross-sectional indices were defined as ratios of radii of gyration of the cross-sectional area around the x-and y-axes (kx/ky) or around the principal axes (kmax/kmin), that is, the square Values are mean ± standard deviation with ranges in parentheses.
root of the ratio of the second moments of area (Kimura and Takahashi, 1982) . Horizontal cross sections were measured at 30, 40, 50, 60, 70, and 80% of the maximum length from the proximal end ( Figure 2 ). Because many German femora contained a high degree of porosity at the 80% level, it was difficult to determine the contour definitely at this level. The 80% level was deleted from the German bones. For the same reason of porosity, the 20% level was not measured in all bones. The present levels were slightly different from those used by Ruff and Trinkaus (Ruff and Hayes, 1983a; Trinkaus and Ruff, 1989) . Their femoral length was the shaft length.
High correlation between the geometrical properties and the femur length have been observed (Ruff, 1984) . Relative properties were calculated by dividing each parameter by an analogue of maximum length; A was divided by the maximum length squared, and Ip, Ix, Iy, Imax, and Imin were divided by the fourth power of maximum length.
Differences between the averages of two groups were evaluated by the t-test. Slopes of reduced major axis were evaluated following Hofman (1988) .
Results
Data of cross-sectional geometry are listed in Table 2 . Jomon males apparently had thicker cortical bone than modern Japanese males, as seen in Figure 2 . Absolute area of the Jomon males was larger than that of the modern Japanese. Female Jomon bones were larger than female modern Japanese bones at 50 and 60% levels. The area of both male and female Jomons was around the same as that of the recent Values are mean ± standard deviation, L refers to maximum length. Significance level from Jomon bones of the same sex: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Germans. Correlation between length and area at the 50% level, after logarithmic transformation, was significant (r = 0.460) (Figure 3 ). The German sample in Figure 3 consists of all 32 mid-length cross sections. The slope of the reduced major axis analysis was 2.30, indicating slight positive allometry, but not significantly different from 2.0 (P > 0.1), when considering that the area is the second power of length. The polar second moment of area (Ip) in the Jomon males was larger than in modern Japanese males at all levels. It was larger in the Jomon females than in modern Japanese females at the 40, 50, and 60% levels. The German bones showed a larger polar second moment than the Jomon bones at a few levels. A significant correlation (r = 0.695) was observed between the length of bone and the polar second moment of area at mid-length after logarithmic transformation (Figure 4 ). The slope of the reduced major axis was 3.75, showing slight negative allometry, but not significantly different from 4.0 (P > 0.3), when considering that Ip is the fourth power of length. On the other hand, the slope was significantly different from 3.0 (P < 0.01).
With the second moment of area around the frontal plane, in other words, the x-axis on the cross section, Jomon males had significantly larger moments at all levels of cross section than modern Japanese males. Jomon females were also larger than modern Japanese females at cross sections of 50, 60, and 70%. The Jomon bones were around the same size as the German bones except at the 30% level, where both male and female Jomon femora were smaller than those of the Germans. On the other hand, the Jomon bones were not significantly larger than the modern Japanese bones in the second moment of area around the anteroposterior plane (Iy) except at the 50% cross-section in males. The Jomon bones were smaller than the German bones at many levels. Significant correlations were observed at the 50% level between the length and both second moments of area (Ix and Iy, r = 0.643 and 0.668, respectively). Slopes of the reduced major axis were 4.17 and 3.79, respectively, and not significantly different from 4.0 (P > 0.6 and P > 0.5, respectively) and significantly different from 3.0 (P < 0.01 and P < 0.001, respectively).
The cross-sectional index along the x-y axes (kx/ky) was Values are mean ± standard deviation, L refers to maximum length. Significance level from Jomon bones of the same sex: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Figure 3. Scatter diagram between maximum length (L mm) and cross-sectional area (A mm
2 ) at mid-length, transformed in common logarithm. The line is the reduced major axis, y = 2.297x − 3.465 (P < 0.0001). The slope of the reduced major axis is not significantly different from 2. G, Germans; J, Jomon people; M, modern Japanese; F, females; and M, males.
significantly larger in the male Jomon bones than in other groups at all levels ( Figure 5 ). The index was greater than 1.0 except at the 80% level. The average indices of the female Jomon bones were greater than 1.0 from the 50 to 70% levels and were significantly larger than those of the female German bones at the70% level.
The maximum (Imax) and the minimum (Imin) second moments of area were both larger in the Jomon males than in the modern Japanese males. The Jomon females were also larger in the Imax, at the middle part of the shaft, and in the Imin, at the proximal part of the shaft. Because of the large Imin, the cross-sectional index along the principal axes (kmax/kmin) was not especially large in the Jomon bone except at the middle part in males, where the Jomon bone was larger than both the modern Japanese and German bones. The principal axis of most male Jomon bones on this part ran around 10° clockwise from the anterior side, that is, nearly in the anteroposterior direction (see Figure 2) . On the other hand, the male modern Japanese femur had a larger value of the index than the male Jomon femur at the lower end level of the shaft. The maximum principal axis of both groups at the 80% level ran nearly anteroposteriorly, about 100° anticlockwise from the lateral side on average. The average angle at this level was the same in the case of females in both the Jomon and modern Japanese.
The relative area of the Jomon bones was significantly larger than that of German bones except at the 30% level in males. That of the Jomon bones was larger than in the modern Japanese bones, but the difference was not significant. The relative polar second moment was significantly larger in the Jomon bones than in the German bones except at the 30% level in males. The relative Ix was significantly larger in the Jomon bones than in the German bones except at the 30% level in males. That of the Jomon males was significantly larger than in the modern Japanese males at the middle part. The relative Iy of Jomon females was significantly larger than that of German females at the 30 and 40% levels. On the other hand, that of the Jomon males was significantly smaller than in the modern Japanese males at the 30 and 40% levels.
Discussion
The outer diameter of the femoral shaft becomes larger in elderly individuals (Martin and Atkinson, 1977; Ruff and Hayes, 1982) , so the second moments of area and the polar second moment of area become larger in the elderly (Ruff, 1992; Kimura, 1994) . Greater geometrical robustness will compensate for the weakening of bone substance along with aging (Ruff, 1992; Pearson and Lieberman, 2004) . Since the expansion of the shaft will be a physiological adaptation during the life history of an individual, it is not easy to compare directly the ancient bones with recent ones only from the perspective of chronological age. But we should consider the influence of age.
The ages of the present Jomon samples were not estimated because there were not many individuals with sufficiently preserved innominate bones which are the most reliable part of the bone for estimating adult age. According to Kobayashi (1967) , the average ages at death of those who died at an age greater than 15 were 32.4 and 32.3 for Middle Jomon males and females, respectively, and 30.9 and 31.4 for Late and Latest Jomon males and females, respectively. There were very few individuals over 60 years, less than 1% of the sample. Age at death of the Kobayashi (1967) report was estimated from certain morphological patterns, which differ with chronological age, based on recent bones. Probably there are relationships between physiological aging in the expansion of femora and in the morphological patterns used by Kobayashi (1967) . Individuals under 20 years, whose bones have not matured, made up about 10% of his sample. When excluding these individuals, the average age at death of both sexes must be raised by more than one year. Modern Japanese samples in the present study were purposely selected so as to be less than 60 years of age in order to make the influence of the age small when comparing with the Jomon bones. If the average ages of the present Jomon sample were the same as those of the above report, they were still several years younger than those of the modern Japanese, 37 for males and 39 for females, but the difference is not very large. Both groups included very few elderly people. The influence of age will be minimal in the comparison between the two groups. On the other hand, most of the German sample, over 80%, consisted of those aged more than 60 years. The large values of the geometrical properties in the German bones must be partly influenced by the effect of age. The severe porosity observed at the 80% level of the German bones compared to other groups could be caused by their old age.
The area of bone cross section is an indicator of the volume of bone substance. The large area of the Jomon bone, in both males and females, shows a large volume. Bone area also indicates resistance against axial force. In long bones, however, axial force is usually not important from the adaptive viewpoint. Bending moment is the most important (Kimura, 1974; Rubin and Lanyon, 1982) .
The second moment of area usually indicates resistance against bending moments. The polar second moment of area (Ip) is the sum of two second moments of area crossing at a right angle, so that it indicates overall resistance against bending moments. It also roughly indicates resistance against torque. In males, Ip was larger in Jomon bones than in modern Japanese bones along the whole bone shaft. In females, Jomon bones had larger Ip values than in modern Japanese at the middle part of the bone. Jomon femora were generally more robust than modern Japanese ones against moments applied from the outside. The large second moment of area around the x-axis (Ix) of Jomon males along the entire femur shaft indicates greater robustness against bending moments in the anteroposterior direction. The principal axis also pointed close to the anteroposterior direction at the middle part of the shaft. Portions of the Jomon female femoral shaft also showed the same tendency. On the other hand, robustness against bending moments in the transverse direction (Iy) was not particularly large in the Jomon femur along the whole shaft. It was relatively small in the upper part of the male shaft.
The Jomon bones had directivity against the bending moment especially in the anteroposterior direction. This was clearly shown by the cross-sectional index. The ratio of radii of gyration along the x-and y-axes (kx/ky) was larger in the Jomon males than in the other groups along the whole shaft. The ratio in females showed the same tendency but less clearly. Though there can be many possible reasons other than mechanical stimulation for a change in bone shape, the anteroposterior direction of the femur is the direction of femoral movement in daily locomotion and also the direction in which the muscles are active. The anteroposterior direction will be a functionally adaptive characteristic for the daily activity of hunter-gatherers (Kimura and Takahashi, 1982; Ruff, 1987) . The pilaster of the shaft, which is frequently seen in their femora, works to enlarge the directional tendency. These characteristics of the Jomon femur have already been shown and discussed at the 50% level of the bone (Kimura and Takahashi, 1982) . The present analysis showed that the anteroposterior directivity was along the whole shaft in Jomon males and some part of the shaft in females.
The general robustness and mechanical rigidity in the anteroposterior direction at mid-shaft, particularly in males, were reported also on many anatomically modern huntergatherers (Kimura and Takahashi, 1992; Ruff et al., 1993; Trinkaus, 1997; Holt, 2003) . The difference between the preagricultural and agricultural femora from the Georgia coast has been discussed at the mid-shaft and the subtrochanteric section . The reduction of the geometrical properties and the more circular shape of the agricultural group were reported. Jomon femora were not particularly flat at the proximal end of the shaft, unlike those of the Georgia coast. Holt (2003) reported the lack of a clear trend in sexual dimorphism in the Upper Palaeolithic and Mesolithic European skeletons and discussed it in terms of mobility and labor. Though the tendency was the same, a sexual difference in Jomon femora was noticeable in their robustness. Jomon people were basically sedentary huntergatherers. There may have been a sexual division of labor among them.
Size was normalized here by bone length, as described by Ruff (1984) . Usually the size of animals is represented by body mass. It is difficult to estimate the body mass of ancient people including the Jomon individuals of the present study. A complicated estimation of body mass will introduce uncontrollable errors. Correlation between dead body mass and A or Ip was not significant in Japanese tibiae (Kimura, 1971) . In this case, none of the sample died accidentally but usually after bed rest. Dead body mass is not a good indicator of size in humans. Muscle activity should be considered when the bending moment of bone is standardized (Kimura, 2003) . But the influence of muscle on bone normalization is difficult to estimate and this remains to be considered in future analysis.
In the present data, correlations between the geometrical properties and the length of bone after logarithmic transformation proved that relative properties versus body size can be evaluated to a certain extent by standardizing on simple analogues of bone length. Absolute values of the German bones were larger than those of other groups. The differences can be influenced by old-age expansion and also by genetic differences. The relative dimensionless values of Germans were generally smaller than other groups, especially in relative area, relative Ip, and relative Ix. The German bones did not have great robustness when standardized by length. This is also shown in Figure 3 and Figure 4 , where the German bones scatter lower than the Jomon bones, when comparisons are made in the same length interval.
Recently, Lieberman and others (2004) concluded that cross-sectional properties do not necessarily provide reliable data on the orientation of loads to which bones are subjected. By means of strain gauges, they measured in vivo strains around the tibia and metatarsal mid-shafts of sheep during slow treadmill running within about 24 hours after surgery. In these animals, orientation of the principal centroidal axes around which the maximum second moments of area are calculated were not in the same planes in which the subjects experienced bending. Both bones were loaded with a large anteroposterior bending during the stance phase, concave posteriorly in the tibia and anteriorly in the metatarsus. But the maximum second moment of area of tibia was directed mediolaterally and that of metatarsus was directed at 45°, which is caused by the nearly circular tube of the cross section. The results differed from those reported on the metapodial shafts of horses during in vivo locomotion at different speeds several days after surgery (Biewener et al., 1983 (Biewener et al., , 1988 Davis et al., 1993) . The bending load was very small on the horse metapodials and the compressive strain was usually observed both at the cranial and caudal surfaces of the bone during the whole stance phase.
The upper and lower ends of the tibia and metapodials spread mediolaterally in order to meet the mechanical requirement of hinge joints, which rotate around the mediolateral axis. The shaft of the tibia curves concave posteriorly particularly at the upper half. Even when only axial compression is applied through the upper and lower articular centers of tibia, the upper part of tibia undergoes nearly anteroposterior bending because of the eccentric loading, both in the human and the horse (Kimura, 1974) . When the muscles on the anterior surface are active, then the bending becomes large, but when the muscles on the posterior surface are active, the bending is compensated for (Kimura, 1966 (Kimura, , 1974 . A roughly anteroposterior bending during locomotion is observed also in in vivo measurements of the tibiae of goats (Biewener and Taylor, 1986) , dogs (Rubin and Lanyon, 1982) , and horses (Biewener et al., 1988) . The lower end of the human tibia makes a hinge joint and spreads mediolaterally, and suffers mainly compression and hardly any bending (Kimura, 1974) . In sheep tibia, the shape of the mid-shaft can be influenced mainly by the mechanical purpose of the hinge-shaped lower articulation. Metapodials are usually straight. There are no muscle attachments on their shaft. Under axial compression, a uniform compressive strain is observed around the horse metatarsus (Kimura, 1974) , as in the case of horse metapodials during locomotion (Biewener et al., 1983 (Biewener et al., , 1988 Davis et al., 1993) . In the case of sheep metatarsus, eccentric compression was probably applied from the upper and lower joints. There may be some mechanical reasons to be analyzed. Forces applied on the bone should be always considered together with muscle activity.
"Mechanical stimulation is not the only factor responsible for the orientation and replacement of osteons" as Evans (1957) declared. But the relationship between the shape of long bones including geometrical properties (Kimura, 1966 (Kimura, , 1974 Carter et al., 1981; Biewener et al., 1983; Szivek et al., 1992) and mechanical robustness has been experimentally proved by his work and also by subsequent studies. Mechanical differences in the long bone shaft among modern human groups can be analyzed to some extent from the geometrical properties.
